Introduction {#sec1}
============

Adult articular cartilage defects have limited intrinsic healing capacity, because of being avascular, aneural, alymphatic, and having low cellularity. Traditional cartilage repair techniques lead to formation of fibrocartilaginous tissue with variable clinical outcomes.[@bib1], [@bib2] Shortcomings of these techniques have led to development of different strategies such as ACI and MACI. In published histological reports, hyalinelike cartilage was found in variable percentage of cases ranging between 21% and 28%.[@bib3], [@bib4] Although many studies suggest good clinical results and reliability of these techniques potential to recreate hyaline-like cartilage seemed to be more limited. Clinical results could be independent of factors such as preimplantation cell phenotype and histological repair progression, but enhancing these variables may help optimize the nature of regeneration following surgery.

From a biological point of view, maintenance of the chondrocytic phenotype is important for maturation of hyaline matrix and regenerative success.[@bib5] As well as phenotype maintenance, functional integrity depends on bioactive signals coming from matrix. Matrix proteins bind soluble growth factors and regulate their distribution, activation, and presentation to cells.[@bib6] Recently, there has been increased interest in creating biological scaffolds composed of extracellular matrix (ECM) derived from the decellularization of tissues.[@bib7] Similarity in the composition, microstructure and biomechanical properties of the decellularized scaffolds to those of the native tissues maximizes the promotion effect in the regeneration of both structural and functional tissues and organs.[@bib8] However, cartilage is a compact tissue, which is difficult to remove its cellular component. In addition, even though cells could be completely removed from cartilage by multiple decellularization processes, re-seeding of scaffold with chondrocytes can be problematic and original structure and mechanical property of the matrix may be destroyed.[@bib9] Hence there is a need for new techniques and new bioreactors to promote cartilage growth as well as preserving native ECM.

Omentum and peritoneum are parts of mesothelium and essentially a serous membrane structure like synovium, pleura and pericardium.[@bib10] Omentum is a double sheet of peritoneum that extends from greater curvature of stomach overlying most abdominal organs. Omentum is highly vascularized and its matrix is rich with glycosaminoglycans and adhesive proteins.[@bib11] The overall regenerative capacity of the omentum, to maintain progenitor cell viability to limit formation of scar tissue at injury site, has long been demonstrated.[@bib12], [@bib13] Besides recent studies demonstrated that omentum is a novel bioreactor suitable for autologous re-cellularization for tissue cultures.[@bib14], [@bib15]

In this preliminary study, our aim was to evaluate extra-articular tissue cultures, in particular mesothelium as chondrogenetic culture mediums comparatively, in terms of macroscopic and histological evaluations. Achilles paratenon is thought to contribute to healing process earlier than epitenon or internal fibroblasts.[@bib16] In mouse\'s Achilles Tendon, cells isolated from paratenon were also exhibited multipotency and when treated in chondrogenic media, cells reacted positively for collagen II comparable to articular cartilage.[@bib17] Chondrocytes cultured with muscle cells exhibited elevated expression of collagen II and while non-muscle cells do not promote cartilage matrix production, converting them into muscle cells enhanced their pro-chondrogenic activity.[@bib18]

Our hypothesis was that mesothelium can be used as an in vivo culture medium for chondrocyte growth. During many clinical procedures the omentum is removed from patients without unhealthy events and parts of this tissue can be exposed by relatively simple microsurgery techniques.[@bib14], [@bib19], [@bib20] These tissues can be further processed to serve as autologous sites for engineering personalized cartilage tissue. To our knowledge, this is the first study in literature that investigates quantitatively and objectively the ''*in vivo*'' effect of mesothelium, Achilles paratenon and muscle tissue on chondrocyte growth by using ''*camera lucida*'' method for chondrocyte count.

Materials and methods {#sec2}
=====================

Study design {#sec2.1}
------------

After local ethical committee approval a cross sectional in vivo study was performed. Independent variables were groups (control, omentum, peritoneum, skeletal muscle, Achilles paratenon) and dependent variables were chondrocyte counts and approximate volume of samples. Power analysis revealed that at least 5 rabbits needed to be allocated in each group to detect 20% increase in chondrocyte counts with a power of 95%. Forty-five skeletally mature male New Zealand rabbits, weighing on average 2.500 g (range 2.000--3.000 g), were randomly assigned to five groups: Group I omentum (n = 10), Group II peritoneum (n = 10), Group III Achilles paratenon (n = 10) and Group IV skeletal muscle (n = 10). To obtain a baseline measurement of chondrocyte count, fresh distal femoral condylar cartilage of five rabbits (control group, n = 5) were harvested and processed promptly for histological examination at the end of follow-up. Standard sizes of osteochondral grafts (5 × 5 × 10 mm) were harvested from right lateral femoral condyles and process of gathering is considered important to guarantee standard size of samples. Graft samples were kept in isoosmolar and isotonic saline solution while placed immediately into omentum, peritoneum, muscle and paratenon. They were provided with fresh water and rabbit chow ad libitum and housed individually in postoperative period. The rabbits were euthanized at fifth month and osteochondral autografts were allocated for analysis.

Surgical technique {#sec2.2}
------------------

Anesthesia was induced with intramuscular injection of 35 mg/kg ketamine hydrochloride and 5 mg/kg xylazin mixture. Under aseptic and sterile conditions medial parapatellar arthrotomy was performed in right knees. Following lateral subluxation of patella femoral condyles were exposed. Osteochondral grafts of standard dimensions (D1, vertical = 5 mm; D2, horizontal = 5 mm; D3, depth = 10 mm) were harvested from lateral femoral condyles. Capsule, subcutaneous tissue and skin closed appropriately. Grafts were stored isoosmolar and isotonic saline solution until implantation during the same session (approximately 20 min).

In order to implant grafts into mesothelium, animals were placed in a supine position, and abdomen was opened through 4-cm-long midline incision under sterile conditions. After opening peritoneum, grafts were fixed with colored Prolene 3/0 sutures into pocket formed in peritoneum. For omentum group, following omentum exploration with the same midline incision, a pocket was created without disrupting omentum vascularization and grafts were fixed with colored sutures in order to guide recollection of them for evaluations. Laparotomy incisions were closed in three layers.

For paratenon group a midline incision was made dorsally 1 cm proximal to ankle, and the Achilles tendon complex was dissected free from surrounding tissues without disrupting paratenon. Paratenon was then split longitudinally and carefully loosened from the tendon complex. Grafts were fixed into paratenon with colored non-absorbable sutures and incision closed appropriately.

To implant grafts into the vastus lateralis muscle, mid belly of the vastus lateralis muscle was identified by palpation and skin was incised longitudinally over mid thigh. The fascia was opened and after blunt dissection, grafts were fixed into pocket created in the belly of muscle with non-absorbable colored sutures and incisions were closed appropriately. Weight bearing activities were ad libitum postoperatively. Subcutaneous meloxicam injection of 5 mg/kg was used for postoperative analgesia for 2 days.

Histological analysis {#sec2.3}
---------------------

Animals were allocated for histological analysis euthanized at fifth months postsurgery. Grafts were harvested by the help of colored sutures. Tissue samples were fixed in 10% formalin solution. After fixation samples were dehydrated and embedded in paraffin subsequently. The samples within paraffin blocks were cut into 5-μm slices and stained with hematoxylin and eosin (H&E). After staining, the slides were evaluated qualitatively under Nikon Optiphot light microscopy (Nikon Corporation, Tokyo, Japan) at 40× and 100× magnifications for the assessment of their histological properties. Quantitative analysis was performed using a compound light microscope equipped with ''*camera lucida*'' device, and chondrocytes were counted in every slide in 10 different fields each of which included 0.01 mm^2^ area at 200× magnification. This method allowed to perform cell count objectively without need for being interrupted to move between different image planes which also minimized possibility to double count cells.[@bib21]

Macroscopic evaluation {#sec2.4}
----------------------

Macroscopic graft dimensions were meticulously measured using a ruler at day 0 before transplantation to confirm the standard size of all the grafts (5 × 5 × 10 mm). Second measurement was performed at 5 months after sample collection to assess change in dimensions.

Statistics {#sec2.5}
----------

The statistical analysis aimed to assess; 1) comparison of mean chondrocyte numbers in groups at the end of follow-up, 2) comparison of macroscopic dimensions and approximate volumes of samples before and after transplantation. Analysis was assessed by using Kruskal--Wallis test. The power of being able to show the difference between the groups was 98.7%. SPSS^®^v21 software (SPSS Inc, Chicago, IL, USA) was used for analysis. Significance level was set as 0.05 (p \< 0.05).

Results {#sec3}
=======

All animals had returned their usual activities within 48 h postoperatively. One animal in paratenon and muscle groups suffered surgical site infection during post-operative period and excluded from the study. 1 animal in omentum group died because of respiratory tract infection. Remaining animals survived to end of follow up without unhealthy events.

Macroscopic evaluation {#sec3.1}
----------------------

Grafts in omentum and peritoneum groups were surrounded by healthy minimally vascularized mesothelial tissue. Grafts appeared well incorporated to surrounding native tissue and appearance of hyaline cartilage was well preserved. However, grafts in muscle and paratenon groups were surrounded with a white, dense fibrous tissue making it difficult to remove from grafts. Macroscopically, dimensions and approximate volumes of each sample have been measured for all samples. Average values of vertical (D1), horizontal (D2) and depth (D3) measurements and approximate volumes of samples are given in [Table 1](#tbl1){ref-type="table"}. Average values of the D1, D2 and volume measurements for omentum and peritoneum samples were significantly higher than paratenon and muscle groups (p \< 0.05). Average values of D3 in paratenon and muscle group were significantly lower than pretransplant dimensions (p \< 0.05). Another finding was that the increase in mean values for D1 and D2 dimensions of specimens from peritoneum and omentum compared to pretransplant dimensions was statistically significant (p \< 0.05). Although, volume measurements were higher in omentum and peritoneum groups compared to pretransplant dimensions, increase was not statistically significant (p \> 0.05).Table 1Average values (±SD) of vertical (D1), horizontal (D2), and depth (D3) diameters, and approximate volumes measured for specimens in experimental groups and for pretransplant specimens.Table 1GroupsD1 (mm) ± SDD2 (mm) ± SDD3 (mm) ± SDVolume (mm^3^) ± SDOmentum (n = 9)6.7 ± 0.76.3 ± 0.49.2 ± 0.8403.7 ± 96.6Peritoneum (n = 10)6.4 ± 0.66.6 ± 0.68.5 ± 0.8364.5 ± 61.4Achilles tendon (n = 9)4.5 ± 0.44.7 ± 0.86.5 ± 0.5141.1 ± 41.1Muscle (n = 9)4.5 ± 0.84.6 ± 0.56.5 ± 0.7143.2 ± 54.4Pretransplant5.05.010.0250.0

Histological analysis {#sec3.2}
---------------------

In two of samples in muscle and paratenon groups and one sample of omentum and paratenon groups, healthy hyalin cartilage was not observed and excluded from study. In remaining samples, chondrocytes in omentum and peritoneum groups were more evident and occasionally observed to be clustered in isogenous groups ([Fig. 1](#fig1){ref-type="fig"}). Such isogenous groups reflect the mitotic division of a chondrocyte whose daughter cells have not secreted much more matrix. Constantly double nuclei containing chondrocytes were observed. Basophilic matrix immediately adjacent to many of lacunae were well preserved in samples from omentum and peritoneum groups ([Fig. 2](#fig2){ref-type="fig"}). The predominately basophilic staining reflects preservation of the negatively charged aggrecan molecules in the matrix.Fig. 1Histological images of the osteochondral samples at the end of follow up under ×400 magnification. (a) Native hyaline cartilage, some of the cells can be seen to have shrunk a bit because of fixation. (b) Sample from the rabbit number 6 in the peritoneum group. Note the isogenous groups and columnar distribution of cells under and above the tidemark. Lacunar density is well preserved. (c) Sample from the rabbit number 2 in the muscle group, occasionally lacunae are small and lack of euchromatic ovoid nucleus. (d) Sample from the rabbit number 3 in the paratenon group. Note the lack of basophilia and eosinophilia in the ground matrix. Cells are arranged in columnar formation but lack of isogenous groups.Fig. 1Fig. 2Histological images of the postoperative osteochondral sample from the rabbit number 4 in the omentum group after 5 months of follow up under ×400 magnification. Note the preservation of isogenous groups (IG) and columnar distribution of cells. Territorial matrix (TM), which is rich in sulfated glycosaminoglycans, is well preserved.Fig. 2

Mean values (with±SD) of chondrocyte numbers in all groups were demonstrated in [Table 2](#tbl2){ref-type="table"}. When groups were compared with the control group, significantly lower mean chondrocyte counts were found in muscle and paratenon groups (p \< 0.05). Although mean chondrocyte counts were higher in samples of omentum and peritoneum group compared to fresh articular cartilage, increase was not statistically significant (p \> 0.05).Table 2The mean values (with ±SD) of the chondrocyte numbers from specimens and fresh hyalin cartilage.Table 2GroupsMean chondrocyte numbers (±SD)Control (n = 5)14.0 ± 0.6Omentum (n = 8)14.4 ± 0.9Paratenon (n = 9)15.4 ± 1.0Muscle (n = 7)9.7 ± 1.3Achilles paratenon (n = 7)9.2 ± 0.4

The mean numbers of chondrocytes were found to be significantly higher in omentum and paratenon samples than that of specimens of muscle and Achilles paratenon groups (p \< 0.05). There was no statistical significance between peritoneum and omentum groups (p \> 0.05).

Discussion {#sec4}
==========

In vivo culture experiments have gained interest, because physiologic conditions can be provided readily.[@bib22], [@bib23] In this preliminary study, we have most importantly found that, mean chondrocyte counts and volumes of grafts transplanted in omentum and peritoneum increased after five months. However, grafts in paratenon and skeletal muscle failed to show the same success. From clinical perspective, results of this study would possibly suggest the use of the omentum and peritoneum as a new, and native chondrogenic medium -- like previously described media, e.g. the synovium,[@bib22] when the in vivo growth of the osteochondral tissue is required for any therapeutic purpose.

The chemical and ultrastructural characteristics of the matrix may have great influence on the behavior of chondrocytes in culture.[@bib24] ECM provides cells with a lot of instructive cues for inducing functional integrity.[@bib14] Matrix associated proteins cooperate to assemble matrices and bind to cells through matrix receptors. In this manner, collagen-based scaffolds may be insufficient to provide chondrocytes these valuable instructions to survive and mimic physiologic conditions.

The results of this preliminary study showed that, although statistically not significant, the mean chondrocyte counts and volumes of grafts transplanted in omentum and peritoneum increased after five months. This finding can be possibly explained by the theory that mesothelium may act as an in vivo culture medium to promote growth of chondrocytes in an osteochondral tissue. It should be noted that mesothelium has a mesenchymal origin and essentially a serous membrane structure like synovium, pleura and pericardium.[@bib10] The viability of chondrocytes in these regions can be attributable to the bioactive molecules of mesothelium and secretion of its own interstitial fluid like synovial tissue. Mesothelial cells have antiinflammatory and immune modulatory effects and secrete various growth factors.[@bib25] Additionally, mesothelial cells are endowed with such a degree of plasticity that, if placed in the appropriate microenvironment, they have a remarkable potential to generate other mesenchymal-derived cell lines.[@bib26] Besides, cartilaginous differentiation of the peritoneum without intra-abdominal malignancy has been already detected.[@bib27] After splenic tissue and pancreatic islet transplantation into the omentum, tissues manage to survive and continue their functions.[@bib28], [@bib29] Also it has been found that omentum has provided a suitable in vivo site for hepatocytes to expand over scaffolds with abundant vessels which have perfused 3D structures.[@bib30] In these cases omentum provided autologous support for the growth of the seeded cells, functioning as an in vivo bioreactor. In our preliminary study, we have found that extracellular matrix and cell viability was well preserved in grafts transplanted in mesothelium. Hence we demonstrated the possible use of mesothelium as an in vivo and autologous bioreactor as opposed to the muscle and paratenon tissues. To our knowledge, there is no previous in vivo study in literature that demonstrated the effects of mesothelium on the growth of cartilage both macroscopically and histologically by using *camera lucida* method.

There were several limitations of this study. Firstly, mechanical competence of grafts was not investigated. Secondly, histomorphometric assays were not performed so we could not evaluate the content or alterations of the protein organization of the matrix. However, in histological analysis there were no fibroblastic invasion and basophilic staining, columnar organization and glassy matrix were well preserved in grafts transplanted in mesothelium. Thirdly, we did not perform any intra- or interobserver reliability tests of these measurements. A senior investigator who was blinded to groups (M.S.) objectively and reliably quantified the chondrocytes in all specimens.

This study is a preliminary step of obtaining evidence on a new concept for engineering personalized cartilage tissue. Following the first definition of the "biological tropism" between the synovium and articular cartilage,[@bib22] the results of the present study may encourage musculoskeletal investigators to consider the second biological tropism between the mesothelium and cartilage in the near future. The use of mesothelium may provide nutrients, oxygen and bioactive molecules for the growth of tissues. Besides mesothelium is not a cell specific environment, incubation of tissues like cartilage can be better controlled and considered more realistically. Further basic investigations and prospective and randomized clinical studies are required to justify the use of mesothelium in clinical settings.
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